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When a volatile droplet is deposited on a floating swellable sheet, it becomes asymmetric, lobed
and mobile. We describe and quantify this phenomena that involves nonequilibrium swelling,
evaporation and motion, working together to realize a self-excitable spatially extended oscillator.
Solvent penetration causes the film to swell locally and eventually buckle, changing its shape and
the drop responds by moving. Simultaneously, solvent evaporation from the swollen film causes it
to regain its shape once the droplet has moved away. The process repeats and leads to complex
pulsatile spinning and/or sliding movements. We use a one-dimensional experiment to highlight the
slow swelling of and evaporation from the film and the fast motion of the drop, a characteristic of
excitable systems. Finally, we provide a phase diagram for droplet excitability as a function of drop
size and film thickness and scaling laws for the motion of the droplet.
When a liquid drop is placed on a rigid substrate, it
can either spread or round up depending on the relative
magnitude of the surface energies in question. In the
presence of an external gradient, the drop can move or
evaporate leading to a range of dynamical phenomena
that continue to enthrall and instruct, while suggesting a
range of applications [1–8]. But could a drop placed on a
substrate spontaneously create and respond to gradients
by itself?
Our starting point is a volatile liquid droplet of acetone
(volume ranging from 1–40 µl) placed on a thin perme-
able membrane (thickness H ∼ 10–50 µm), of crosslinked
polydimethylsiloxane (PDMS, Sylgard 184, 10:1) floating
on aqueous glycerol (Fig. 1(a)) in ambient conditions.
The liquid initially forms a spherical cap on the film
(Fig. 1(a)), but within a few seconds, the droplet sponta-
neously breaks symmetry, first becoming symmetrically
lobed, then chirally lobed, and finally beginning to spin
(Fig. 1(b) and [9], Movie 1). The number of lobes is a
function of the drop size for a given film thickness; big-
ger drops have more lobes (Fig. 1(c) and [9], Movie 1).
While there is no preferred chirality, the lobes are equally
probable to curve towards a clockwise or anticlockwise
direction, and once it is chosen, the drop continues to
spin in the same direction; however as it evaporates and
becomes smaller, below a threshold size, it eventually
stops. If the drop is sufficiently large, it does not spin and
instead become polarized, taking the form of a kidney
bean or keratocyte [15] and can either oscillate back and
forth (Fig. 1(d) and [9], Movie 2) or migrate in a random
direction ([9], Movie 3). High speed videos of the motion
of the droplets show that in some cases the drop spins
smoothly, whereas in other cases it exhibits a pulsatile
motion that is limited to the neighborhood of the contact
line ([9], Movie 4).
Hypotheses for the undulation and motion include
evaporation-driven contact line instability [16] or sur-
face tension-gradient induced Marangoni effects. Replac-
ing acetone by other volatile liquids such as isopropanol
and butanol leads to similar phenomena for the film
thicknesses H ∼ 10–50 µm [9]. However, methanol
droplets deposited on the same membrane remain sta-
tionary while adopting a spherical cap shape, and hexane
droplets cause the film to wrinkle but again with no
accompanying motion [9]. Since the droplets are com-
posed of one solvent only, we do not expect any composi-
tional Marangoni forces to arise. Furthermore, infrared
movies ([9], Movies 6–7) helped us estimate the thermal
Marangoni numbers (Ma  1, see [9] for details) for
the solvents used. While only acetone, isopropanol and
butanol show the instability and the other liquids despite
having a large thermal Marangoni number do not demon-
strate the instability point to the fact that surface tension
gradients are not sufficient to create the undulation and
motion.
This leaves swelling-induced film deformation and the
accompanying droplet motion as the most probable can-
didate to explain the phenomenon at hand. To quantify
this, we first note that the solvent diffuses through the
elastic network [17, 18] at a rate kE/ηaH, where k is the
permeability of drained PDMS network, E is its Young’s
modulus, η is the dynamic viscosity of the solvent and
a is the drop size. Simultaneously, the imbibed solvent
leaves the film via a rate of J/εbH, where J is its evap-
orative flux and εb ∼ H/a is the strain associated with
the fraction of the swollen film that is also responsible
for film buckling. If swelling is too fast or too slow rel-
ative to evaporation, the result would be a progression
towards a (non-equilibrium) steady state. However, if
the two processes are in competition, as quantified in
terms of the Pe´clet number Pe ∼ ηJa2/kEH, one can
expect interesting dynamics. Estimating Pe for all sol-
vents tested for given film thicknesses show that acetone,
butanol and isopropanol form lobes when Pe ∼ O(10)
whereas droplets of methanol and ethanol (Pe < O(10))
as well as hexane and chloroform (Pe > O(10)) do not
show the instability [9]. Consistent with these arguments,
in environments of saturated solvent vapors, we do not
observe drop oscillation or rotation, but droplet spinning
resumes when vapor pressure is decreased back to ambient
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FIG. 1. (a) The experimental setup comprises of a thin elastic
film (H ∼ tens of microns) made of PDMS afloat aqueous
glycerol. Acetone droplets undergo spontaneous rotation as
demonstrated via a single cycle of: (b) a bean mode with n = 1
undergoing clockwise rotation (3 µl drop on 9 µm PDMS film)
and (c) a star shaped mode with n = 5 undergoing anti-
clockwise rotation (20 µl drop on 19.5 µm PDMS film), and
(d) a 30 µl drop of acetone undergoing oscillatory to and fro
motion on a 28.5 µm PDMS film. The scale bars in (b)–(d)
denote 2 mm. (e) Peclet numbers (Pe ∼ O(10)) plotted as a
function of buckling strain (εb) for acetone droplets showing
droplet instability. The dotted line indicates the critical value
of εb, which demarcates between spherical cap states (n = 0)
and lobed states (n = 1, 3, 4, 5, 6).
conditions [9].
In this sweet spot that balances evaporation, swelling
and hydrodynamics, solvent imbibition in the vicinity of
the drop causes the thin film (H ∼ tens of microns) to
swell and sag to form a dimple that traps the drop ([9],
Movie 5), as seen in Fig.1(b). If the swelling degree is
too small (e.g. for a methanol droplet) no lobes form; if
the swelling degree is too large (e.g. for a hexane droplet)
many wrinkles form. This suggests a simple explanation
for the undulation instability of the drops. An elastic
strain incompatibility along the nominally circular rim of
the swollen film (the region inside is swollen, while the
region outside is not) causes an axisymmetric deformation
mode of the film to give way to a buckled mode causing the
rim to wrinkle like the edge of a leaf [19, 20] as depicted by
the light/dark regions around the lobes showing the film
undulation (Fig. 1); the larger the drop, the larger the
perimeter so that the edge of the drop is surrounded by
an undulating topography with n lobes along its contact
line ([9], Movie 1).
To further clarify the mechanisms at play, we turn to
an even simpler realization of our observations, wherein a
drop of acetone is placed on a narrow quasi-1 dimensional
sagging PDMS film clamped at both ends as shown in
Fig. 2(a). Now the drop spontaneously oscillates back and
forth while causing the film to buckle and unbuckle ([9],
Movie 8). To understand this, we note that the PDMS
film underneath the drop swells due to solvent imbibition
creating a local bulge due to buckling of amplitude ∼ λ.
This causes the acetone droplet to slide away from the
swollen region, exposing the previously swollen region
to the ambient atmosphere. The solvent then starts to
evaporate from the swollen film, thereby regenerating it
(Fig. 2(b)). Simultaneously, the film swells at the new
position of the drop causing it to buckle and pop up,
causing the droplet to move back to its original position.
The global sag in the PDMS strip constrains the drop to
perform relaxation oscillations.
A minimal model for this represents the droplet as a
particle at a scaled location x(t) (made dimensionless
using the drop size) in an asymmetric double-well poten-
tial W (x, h) that oscillates slowly so that its minimum
switches from one side to another, causing the particle to
follow the minimum. The simplest form of this potential is
W (x, h) = µ(V (x)−h(t)x), where V (x) = x4/12−βx2/2
is associated with the double-well, and the last bilinear
term with a dynamically varying tilt h(t) due to the simul-
taneous effect of (i) the location of the drop which causes
the film to swell locally, and (ii) evaporation from the pre-
vious location of the drop, as shown in Fig. 2(b). There
are three time scales in the problem, that associated with
gravitational motion of the drop τx ∼ ηfilm/ρga, that
due to swelling-induced buckling with time τs ∼ ηH2/kE,
and evaporation τe ∼ εbH/J . In the simplest setting, we
choose the larger of the latter two with τh = max[τs, τe] as
it defines the rate of tilting the potential, and define a ratio
µ = τh/τx. Then, in the limit of overdamped dynamics,
the particle (drop) moves according to x˙ = µ(h− F (x)),
where F (x) = V ′(x) = x3/3 − βx. Since the tilt itself
evolves slowly due to evaporation from the exposed film
and swelling of the film due to the droplet, we approxi-
mate this via the simple linear dynamical law µh˙ = −x.
When µ 6= 0, β > 0, the pair of equations is just the
canonical Van der Pol equation for self-excited dynam-
ics [21], x¨−µx˙(β−x2)+x = 0. For the weakly non-linear
case, when µ 1, we get almost periodic oscillations [9],
while in the limit µ  1 (Fig. 2(c)), we get relaxation
oscillations with slow-fast dynamics; then the drop moves
quickly, with x˙ ∼ µ, but the overall tilt changes slowly
with a speed 1/µ.
In dimensional terms, this implies that the period of the
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FIG. 2. 1D excitable droplet motion. (a) A drop of volume V = 20 µl placed on a sagging clamped PDMS strip (5 mm wide,
100 µm thick) oscillates back and forth while the film buckles periodically. (b) Schematic showing that the film locally swells in
response to the solvent droplet causing the film to buckle and the droplet to slide away. The exposed swollen buckled region
then loses solvent via evaporation causing the film to unbuckle. Simultaneously, the drop causes the film to swell at a new
location and the process repeats. The sag in the film prevents the drop from running away and leads to an oscillating state of
the drop with frequency Ω. (Inset) The shape of the potential W (x, h) accompanying each film state with the droplet position
x(t) shown with a blue dot. (c) A trace of the x-coordinate of the center of mass of an acetone droplet undergoing relaxation
oscillations as a function of time, where the slow timescale is due to swelling of the PDMS film and simultaneous regeneration
due to evaporation, and the fast timescale is that of the drop motion. The kinks correspond to the buckling of the film.
oscillations is determined by the larger of two time scales:
that required to swell the film, i.e. τs ∼ ηH2/kE (∼ 1s),
until it buckles with a critical strain driven by the balance
between bending and stretching [22], i.e. εb ∼ H/a, and
that associated with the evaporation of the drop. When
the drop slides away, evaporation from the swollen bulge
occurs over a timescale of τe ∼ εbH/J (∼ 5s). Since
the swelling and evaporation driven regeneration occur
simultaneously, the slow timescale is of order τe. Over
time, the drop itself shrinks due to evaporation, and the
time period of oscillations increases and finally the drop
stops moving when it reaches a critical size where the
swelling occurs on a small enough scale that is insufficient
to buckle the film ([9], Movie 8).
Having understood the basic mechanisms in the sim-
ple 1D system, we now quantify the phase space of the
droplet shapes, determined by the droplet volume and
the PDMS film thickness on the 2D films. On film thick-
nesses H < 20 µm, acetone droplets (V ∼ 3–40 µL) form
n-lobed chiral shapes that spin spontaneously (Fig. 3(a)).
On thicker films (H > 40 µm), small and large drops
form spherical caps that stay pinned. The tendency for
the droplet to break symmetry and move, can be parame-
terized by the ratio of drop size a to the elastocapillary
length ` =
√
EH3/T , which characterizes the substrate
softness (in terms of the tension T ∼ EHεcap, where
εcap is the elastic strain in the film due to wetting of
the drop). This is denoted by the elastocapillary number
a/` ∼ √εcap/εb, where εb is the buckling strain. The
shape of the lobed drops can be quantified using a simple
polar representation [23] with coordinates (r(s), θ(s)) in
the domain s ∈ [−pi, pi], where r(s) = a(1+ b cos(ns)) and
θ(s) = s+ cn cos(ns+ψ) + φ. Here, a represents the over-
all radius of the drop, b represents the non-dimensional
amplitude of the lobes, c defines the asymmetry of the
lobes, ψ accounts for the local phase shift at the lobes
and φ accounts for the global phase shift (Fig. 3(b) in-
set; [9]). The shape of the droplets are similar to those of
cell fragments and primitive cells [15] - hardly surprising
as the first few unstable modes of active drops always
take the same geometric forms.
Plotting the number of lobes (n) of the experimentally
observed shapes as a function of the elastocapillary num-
ber reveals that when
√
εcap/εb ≥ 3, i.e. when the drop
is “soft” enough, its contact line becomes asymmetric
and forms lobes (Fig. 3(b)). As the drop settles on the
soft sheet with an undulating rim, the film swells and
buckles to form saddle-like structures that then become
asymmetric (and chiral) around the rim (Fig. 3(a)), and
start to spin in a coordinated way. When n < 6, they
synchronize and rotate, while when n > 7, the lobes fail
to synchronize, and quiver instead ([9], Movie 9). In-
troducing neutrally buoyant hollow glass spheres in the
droplet shows that the particles only move in a boundary
layer near the contact line when n ∈ [2, 6] ([9], Movie 10),
whereas for drops with n ∼ 1, particles move with the
liquid showing global rotation of the drop. Near the con-
tact line, variations in solvent vapor concentration from
both the wetted film and the drop can lead to gradients
that can cause the lobes of the droplet to break symmetry
and become chiral. In all the experiments, the chirality
and direction of motion of each lobe are correlated: the
liquid moves from the convex side of the lobe towards its
concave side ([9], Movie 1,4). To understand why this is
so, we recall the Kelvin relation [24] that suggests it is eas-
ier to evaporate from convex surfaces than from concave
surfaces as the vapor pressure due to positive curvature
(PI) is higher than that due to negative curvature (PII).
For the chiral lobes observed in our system, this would im-
ply asymmetric evaporation from the convex and concave
sides of the lobe, leading to motion from the high evapora-
tion (convex) to the low evaporation (concave) (jI > jII),
4FIG. 3. (a) Phase space of instantaneous snapshots of droplets of acetone (volume V ) when they are deposited on PDMS films
(thickness H). Smaller droplets on thicker films are “pinned” in spherical cap state whereas larger droplets on thinner films
spontaneously form lobes n (= 1 to 6) that undergo rotation. (b) Bifurcation diagram of the shapes comprising spherical pinned
state (∗) with n = 0 and chiral spinning state depicting number of lobes n as a function of the dimensionless elastocapillary
number (
√
εcap/εb). The color of each filled symbol depicts the amplitude of the lobes normalized by the radius of the drops
(|b|). There is a critical threshold around √εcap/εb ' 3 where the shapes bifurcate from spherical cap to lobed state. (Inset) An
example of a fitted shape (n = 3) with contact radius a and amplitude |b| labelled. (c) Frequency (Ω) of the spinning drops
in the 3D case scales as ω/n, where ω ∼ 1/√τxτs, where the black dotted line is a least squares fit to the data with slope 11.
(Inset). Schematic of the solvent droplet (n = 5) that swells the PDMS film leading to undulations, which are enhanced here
for visualization, and J is the evaporative flux from the film. The liquid in the lobes traverse from hills to valleys along the
circumference, giving rise to coordinated spinning of the drop with frequency Ω.
provided the contact line is mobile [25] (Fig. 3(c) Inset).
Since the contact line of the droplet in our system sits on
a saturated film, it is minimally pinned. Together, the
asymmetric evaporation and the synchronized motion of
lobes from convex to concave sides of the lobes give rise
to an overall rotation of the drops on the PDMS film.
To understand how to generalize our understanding of
the 1D oscillations of the drop to the 2D spinning drop,
we note that along the rim of the drop strong gradients in
swelling cause sheet to form localized wrinkles that create
a periodic undulatory landscape near the rim. Spatial
variations in liquid evaporation from the lobes as well
as the wetted film around the drop can spontaneously
break chiral symmetry of the lobes causing the rim of
the drop to move tangentially - which then drives the
wrinkles to rearrange via evaporation and swelling. If the
number of lobes is small, the dynamics of the liquid in
the vicinity of the contact line is analogous to the 1D
system, except that it is periodic. If the number of lobes
is large, it becomes hard to coordinate the motion of the
droplet edge, leading to a shivering frustrated drop ([9],
Movie 9).
Quantitatively, the frequency of a complete rotation in
the periodic case for small values of µ, Ω ∼ 1/n√τsτx,
where the liquid moves from one lobe to the next. We find
that our experiments are consistent with this simple scal-
ing law, as shown in Fig. 3(c) where the angular frequency
of the droplets with varying lobe numbers collapses for
the relationship Ω ∼ ω/n, where ω ∼ 1/√τsτx is the char-
acteristic frequency. In any single experiment, the drop
continues to spin until its size reduces below a critical
threshold determined by the parameter
√
εcap/εb ∼ 1.8
in Movie 2 [9], a value close to the threshold observed in
Fig. 3(b).
Our experiments have shown that a volatile drop on a
soft responsive substrate can create and respond to local
deformation and evaporation gradients and lead to spon-
taneous oscillations. Three non-equilibrium processes:
evaporation, solvent flow and solvent-driven swelling of a
thin elastic film conspire to produce the oscillations, and
one might have thought that the parameter space where
these work together is small. We have shown that this is
not the case - a range of solvent types and droplet sizes on
thin responsive substrates satisfy the conditions for the
phenomena to be observable, i.e. that Pe ∼ O(10), and
the substrate be easy to buckle (i.e. thin enough). To-
5gether these processes drive self-excited motion in drops
over a robust range of parameters. Harnessing such in-
stabilities and motion in thin film systems might provide
a natural way to drive small scale engines building on
recent work in this domain [26–28].
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